The contribution of dust to performance degradation of PV modules in a temperate climate zone by Tanesab, J. et al.
 
 





This is the author’s final version of the work, as accepted for publication  
following peer review but without the publisher’s layout or pagination.  
The definitive version is available at 
http://dx.doi.org/10.1016/j.solener.2015.06.052     
 
 
Tanesab, J., Parlevliet, D., Whale, J., Urmee, T. and Pryor, T. 
(2015) The contribution of dust to performance degradation of 
PV modules in a temperate climate zone. Solar Energy,  












Copyright: © 2015 Elsevier Ltd. 
 
It is posted here for your personal use. No further distribution is permitted. 
 
 
The Contribution of Dust to Performance Degradation of PV Modules in a Temperate 
Climate Zone 
 
Julius Tanesab, David Parlevliet, Jonathan Whale, Tania Urmee, Trevor Pryor 




This research investigates the contribution of dust to the long-term performance degradation of 
various photovoltaic (PV) modules that have been operating for almost eighteen years without any 
cleaning procedures at the Renewable Energy Outdoor Testing Area (ROTA), Murdoch University, 
Perth, Australia. A solar module analyser was used to assess the PVs’electrical performance, while a 
combination of spectrophotometer, scanning electron microscope, electron dispersive spectroscope 
and X-ray diffraction were used to exam the properties of the dust on the panels. The study found that 
the degradation of the PV modules’ power output, ranged from 19% to 33%. The degradation is 
mostly due to non-dust related factors such as corrosion, delamination, and discoloration, which 
account about 71% to 84%, although the contribution of dust is still significant at 16% to 29%. Anova 
analysis shows that the dust has a fairly uniform impact on the performance degradation of all PV 
technologies at ROTA. This is in line with the results of spectral transmittance curves for different 
dust density samples that essentially flat over the wavelength range of the PV modules. An 
investigation of the properties of dust revealed that dust particles deposited on PV modules’ surface at 
ROTA were dominated by fine particles built of large amounts of quartz (SiO2), followed by calcium 
oxide (CaO) and some minors of feldspars minerals (KAlSi3O8), which are the main factors in 
transmittance losses that affect PV module performance. 
 




Due to a continuing price reduction, government subsidies and an improvement in 
reliability and efficiency, the demand for photovoltaic (PV) modules has increased 
tremendously over the last ten years (Tyagi et al., 2013). An analysis completed by the 
International Energy Agency (IEA) indicated that the capacity of new systems installed was 
at a rate of 100 megawatts per day in 2013, as a result the electricity yielded by solar PV 
globally reached 150 gigawatts in early 2014 (IEA, 2014).    
Energy produced by a PV module deployed outdoors depends greatly on PV materials and 
solar insolation (Mani and Pillai, 2010). Over time, the electrical energy output will decrease, 
commonly due to causes such as humidity, thermal cycling, ultra-violet radiation, and 
moisture ingress (Quintana et al., 2002) that lead to some permanent degradation, namely 
corrosion, discoloration, delamination, and breakage and cracking cells (Munoz et al., 2011). 
Besides these internal factors, one environmental factor that significantly reduces the energy 
produced by a PV module temporarily is dust (Mani and Pillai, 2010). The PV performance 
could be recovered to its maximum capacity by cleaning activities performed manually, 
automatically and naturally (Sayyah et al., 2014).  
Deposited dust on a PV module’s cover glass diminishes the illumination by absorbing 
and scattering sun light received by the solar cells (Elminir et al., 2006; Qasem et al., 2012; 
Appels et al., 2013). The accumulation of dust on a PV module’s surface is different from 
location to location and depends on the environmental conditions of ambient temperature and 
humidity, rainfall and wind velocity (Sarver et al., 2013). Therefore, PV performance 
degradation caused by dust is not uniform for every region of the world. Adinoyi and Said 
(2013) found that dust reduces the power output of PV modules by 50% for panels exposed 
for approximately six months without cleaning in the eastern part of Saudi Arabia. Kalogirou 
et al. (2013) revealed a 6-13% reduction in power output due to dust recorded in three 
seasons (spring, winter and summer) in Cyprus. Zorrilla-Casanova et al. (2011) reported that 
daily energy losses caused by dust in the south of Spain averaged around 4.4% for a year and 
could increase to more than 20% in dry conditions. Elminir et al. (2006) in their intensive 
experiments in Egypt found that the energy yield of a PV module decreased about 17.4% per 
month for south-facing panels at a tilt angle of 45o.  
In addition to location, dust accumulation is affected by the PV’s tilt angle (Mani and 
Pillai, 2010; Qasem et al., 2012; Sarver et al., 2013). Elminir et al. (2006) in their 
experiments in Egypt reported that the difference of transmittance reduction for tilt angle of 
0o (dust accumulation maximum) and 90o (dust accumulation minimum) is 21.3%. 
PV module performance tends to degrade as the amount of dust impinged on its surface 
increases (Elminir et al., 2006; Kalogirou et al., 2013, Sarver et al., 2013). Kaldellis and 
Fragos (2011), in comparing the electrical parameters of two identical pairs of PV modules, 
found that a 1.5% reduction of efficiency was recorded by the accumulation of dust with a 
density of 0.4 mg/cm2. Jiang et al. (2011) in an experiment featuring three different PV cell 
technologies such as monocrystalline silicon (mc-Si), polycrystalline silicon (pc-Si) and 
amorphous silicon (a-Si) observed the efficiency of the modules decrease from 0 to 26% as 
dust deposition increased of from 0 to 22 g/m2. 
In addition to dust density, PV performance is also dictated by the properties of dust. 
Kaldellis et al. (2011) examined the effect of pollutants comprising red soil, limestone and 
carbonaceous fly-ash particles on module performance. The study revealed that red soil 
particles contributed the highest reduction followed by limestone and carbon-base ash. 
Furthermore, Appels et al. (2013) reported that finer dust particles play a more significant 
role in decreasing power output than larger particles. 
Different PV technologies respond differently to the adverse effect caused by dust. Ndiaye 
et al. (2013) compared the electrical output parameters of crystalline PV modules that had 
been exposed without cleaning for a year in Senegal. The result revealed a more severe power 
reduction for mc-Si modules (77.75%) than pc-Si modules (18.02%). Moreover, a spectral 
analysis performed by Qasem et al. (2012) to investigate the effect of dust on PV 
technologies concluded that dust has a more significant effect on the performance of those 
PV modules that have a wider spectral response e.g. a-Si.  
Very little seems to be known about the effect of dust on performance in a long-term 
study. The longest study appears to be the one year Senegal study by Ndiaye et al. (2013). 
Yet it is not uncommon for PV arrays to be installed and have very little cleaning over their 
lifetime, particularly in renewable energy projects in remote areas such as solar home system 
(SHS) projects. The reasons for a lack of cleaning in these types of projects are that the PV 
modules are not accessible to the villagers and there is no formal maintenance program 
(Ismail et al., 2012). Kaldellis and Kokala (2010) estimate the income loss associated with 
not cleaning panels to be almost 40 €/kWp (US$ 42.44) on an annual basis. Solar farm 
owners pay a maintenance cost for cleaning panels in order to prevent the losses due to power 
degradation and maximise income. The cost benefit analysis of cleaning then depends on the 
amount of income gains compared to the maintenance costs.  Over a short period of exposure 
(5 weeks), Appels et al. (2013) suggest that power losses due to dust converge over time to 
around 3-4% thus limiting income losses and indicating that regular cleaning of modules may 
be unnecessary. They, however, note that the results do not reflect losses that may occur over 
longer periods. In particular there would be non-dust related factors that would degrade the 
performance of modules over a long period as noted by Quintana et al. (2002) and make the 
cost benefit analysis of cleaning more complex.   
This paper addresses the research questions surrounding the long-term degradation of PV 
modules over long periods of exposure without maintenance. In particular: 
1) What are the power losses from different PV technologies over long periods of exposure 
without cleaning? 
2) What is the contribution of dust to the long-term degradation of the PV modules 
performance?  
The contribution of this work is to place a value on the cleaning of solar panels for various 
PV technologies that are exposed to the elements for a long time.  
 
1.1. Meteorological condition of Perth 
 
 Perth, Western Australia is situated in between 31.95o South latitude and 115.85o East 
longitude. As a temperate climate area, it has four seasons that similar to areas in the 
southern hemisphere in which December to February is summer; March to May is autumn; 
June to August is winter; and September to November is spring. According to meteorological 
data, the average maximum temperature is 31.7 °C in February (summer) while the average 
minimum is 7.6 °C (winter) in July.  Perth, which has more sunny days annually than any 
other areas in Australia, has average amount of solar irradiation annually 13.284 MJ/m2/day 
on a horizontal surface and increases to 14.112 MJ/m2/day when the surface tilted on latitude 
position and pointing to equator. The months with little rainfall was recorded in December, 
January, and February whilst July was the wettest month with 146.7 mm rain falling. Similar 
to the rainfall pattern, average relative humidity was relatively high in winter season. The 
details of these data are shown in Table 1. 
 
2. Experimental procedures and methodology 
 
2.1. Electrical performance measurement 
 
Methods commonly applied by researchers to monitor and assess a module’s electrical 
performance are current voltage (I-V) and power voltage (P-V) curve scanning (Carr and 
Pryor, 2004; Gxasheka et al. 2005; Ndiaye et al. 2014). These curves represent the values of 
electrical parameters of a module such as maximum power output (Pmax), maximum output 
current (Imax), maximum output voltage (Vmax), open circuit voltage (Voc) and short circuit 
current (Isc). 
The Renewable Outdoor Testing Area (ROTA) is a facility for field testing renewable 
energy systems at Murdoch University, Perth, Australia. Seven PV modules at ROTA,, 
comprising two mc-Si, three pc-Si and two a-Si, were used in this research. The modules, 
which are mounted on north-facing racks tilted at Perth’s latitude of 32o (Carr and Pryor, 
2004), have been in operation since November 1996 without any cleaning procedures. 
I-V and P-V curves of the PV modules were recorded using a “Prova” solar module 
analyzer under dusty and clean conditions. In parallel with this, module backside temperature 
and global radiation on the tilted surface were measured with a digital thermometer and a 
“Kipp and Zonnen” pyranometer, respectively. Measurements were initially carried out on 
dusty PV modules and subsequently the dusty PV modules were cleaned before repeating the 
same measurement process. Manual cleaning method was performed by spraying PV 
modules’ cover glass surface with clean water and scraping it with soft foam. A soft wiper 
blade for windowpane cleaning then was used to dry the surface (Sayyah et al, 2014). It was 
observed that this method managed to get all the soil off from the surface of PV modules (no 
residue). An example of a cleaned panel alongside a dusty panel is shown in Fig. 1.  
The experiment was conducted during summer as in Perth in this period there is little rain 
fall and several months would have passed since the last significant rain. The I-V and P-V 
curves measurements were performed under real operating conditions (ROC) with varying 
solar irradiation and temperature. To compare the effect of dust on each PV module’s 
performance, the electrical parameters’ values were first transposed to their equivalent values 
in standard test conditions (STC), referring to a radiation of 1000 W/m2, temperature 25°C 
and air mass 1.5. In this research, procedure 1 of the IEC 60891 method (IEC 60891, 2009) 
was used to transpose between ROC and STC for the crystalline and amorphous PV 
technologies covered in the experiment. The key equations employed in this method are as 
follows: 
𝐼2 = 𝐼1 + 𝐼𝑠𝑐1. �
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Based on the I-V curve produced by equation (1) and (2), Pmax2, Voc2 and Isc2 were scanned 




  (3) 
where, subscript 1 and 2: ROC and STC values respectively; I and V: current (A) and voltage 
(V), respectively of I-V characteristic data pairs;  G: in-plane irradiance (W/m2); T: module 
back side temperature (oC); α: current temperature coefficient (A/oC); β: voltage temperature 
coefficient (V/oC); RS: the internal series resistance of the test specimen (Ω); κ: curve 
correction factor (Ω/oC); Pmax: maximum power (W); Isc: short circuit current (A); Voc: open 
circuit voltage (V). 
 
2.2. Investigation of dust properties  
 
When light impinges on a dust particle on a solar cell, it is either scattered or absorbed 
(Mann et al., 2007), as a result the amount of light received by the solar cell is decreased. To 
investigate this phenomenon on the dust deposited on the PV modules at ROTA, a 
transmittance measurement was performed.  Dust was collected from ROTA, mixed with 
water and sprayed uniformly onto the surface of some 5x5 cm2 soda lime glass plates, a 
material commonly used as a cover glass for PV modules. During the coating process, 
enough time was given for the water to evaporate. The transmittance values of the dust 
accumulated on the glass samples were measured using a “HP” spectrophotometer and 
afterwards, the samples were weighted using an analytical balance with a 0.1 mg accuracy to 
determine the mass of the deposited dust. 
In addition to the optical properties, the physical characteristics of the dust at ROTA were 
examined in this research. A “JCM-6000 NeoScope Benchtop” Scanning Electron 
Microscope (SEM) with X-ray analyser based on Energy-dispersive X-ray Spectroscopy 
(EDS) was used to investigate the morphology and elements of dust, respectively. Images 
captured by the SEM were analysed using image processing software to determine the grain 
size distribution of dust. For sample preparation, the surface of a stub type specimen storage 
container was covered with an adhesive carbon tab to hold sprinkled dust. The carbon tab 
used in this experiment was chosen since it has significantly lower contaminant levels under 
the EDS process. The artificial dust collected from ROTA was then deposited onto the 
surface of the storage container. The deposition of dust was performed by free fall technical 
using a cylindrical tube to minimize the influence of wind flow as performed by Qasem et al. 
(2012). The accumulated dust on the container was coated with carbon; a recommended 
material as it doesn’t interfere with the characteristic X-ray peaks from the elements in the 
sample and prevents static charging of the dust before the SEM and EDS experiments were 
applied. Carbon coating was chosen as the focus of elemental composition tracing in this 
research to quantify elements in inorganic materials (materials lacking carbon) such as sand, 
cement and iron adhered to PV module surfaces. In addition to elemental analysis, X-ray 
diffraction (XRD) was performed to investigate the minerals built of the elements that 
adhered on PV module surface.  
 
2.3. Determining the contribution of dust 
 
As mentioned previously, the performance degradation of PV modules is temporary as a 
result of dust deposition on the module’s glass cover (Mani and Pillai, 2010) and permanent 
caused by non-dust related factors such as yellowing, delamination, bubbles, cracks in the 
cells, defects in the anti-reflective coating and burnt cells (Munoz et al., 2011). Therefore, in 
this research, the losses are classified into 2 groups that represent the two kinds of 
performance degradation. Losses caused by dust expresses the difference of electrical 
parameters output values of PV modules in clean conditions (after dust particles are washed 
away) and dusty conditions (no cleaning, dust particles still deposited on PV modules 
surface), whereas the losses caused by non-dust related factors indicates the difference of 
electrical parameters output values of PV modules from their initial condition (first 
deployment of PV modules) to their present condition in clean conditions.  
Pmax output, an important electrical parameter of a PV module frequently used by 
manufacturers to indicate its performance degradation (Vázquez and Rey-Stolle, 2008), was 
used to quantify the contribution of dust (Cdust) on the degradation of PV modules 
performance at ROTA. It is given by: 
𝐶𝑑𝑢𝑠𝑡(%) =  �
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Meanwhile the contribution of non-dust related factors (Cnon-dust) is expressed by: 
𝐶𝑛𝑜𝑛−𝑑𝑢𝑠𝑡(%) =  �
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Where total Pmax losses is the summation of Pmax losses caused by dust and Pmax losses 
caused by non-dust related factors 
The research methodology of this study to investigate the properties of dust and its 
contribution to performance degradation of PV modules can be summarized as shown in Fig. 
2. 
 
3. Results and discussion 
 
3.1. The influence of dust on PV module performance 
 
Fig. 3 shows the transposed I-V and P-V curves of seven PV module samples, consisting 
of two mc-Si (label A and B), three pc-Si (label C, D and E) and two a-Si (label F and G), 
recorded under dusty and clean conditions. 
Generally, the results depict lower values for both I-V and P-V curves of all PV modules 
in dusty conditions compared to clean conditions. The mismatch in the curves indicates a 
degradation caused by dust deposition on each PV module’s surface that blocks solar 
irradiation received by the solar cells. The discrepancy between these curves is expected to 
increase with the increase of dust accumulated on the module’s surface (Elminir et al., 2006). 
The effect of dust on the characteristic of electrical parameters of PV modules is shown in 
Table 2. Isc and Pmax are parameters significantly affected by dust deposition with decreasing 
output ranging from approximately 5% up to 10% and 8% to 12%, respectively.  In contrast 
Voc output and FF are less sensitive to dust and drop by 3% at most compared to values 
recorded in clean conditions. These results confirm previous research done by Ndiaye et al. 
(2013) that found a similar trend, in which the ISc and Pmax outputs of a mc-Si and a pc-Si 
module significantly decreased due to dust deposition after a year exposure, while the change 
in Voc and FF values of the modules were negligible. 
 
3.2. Dust contribution 
 
Table 3 shows the contribution of dust and non-dust related factors to the degradation in 
performance (quantified by Pmax losses) of PV modules which have been deployed at ROTA 
for almost 18 years without any cleaning procedures.  
According to the result, the degradation of power output of the PV modules ranged from 
19% to 33%. The degradation is mostly due to non-dust related factors which account about 
71% to 84%, although the contribution of dust is still significant at 16% to 29%. Based on 
the observation in the field the permanent factors consisted of corrosion, delamination and 
discoloration as shown in Fig. 4. 
The percentage of power output reduction caused by dust differs for each PV technology 
ranged from 8 to 12%. To determine whether there are any significant differences between 
the means of these data, the one-way analysis of variance (Anova) was performed. With the 
critical significance level (α)=0.05, it was obtained Fratio (0.48) < Fcritical (9.55) that means 
null hypothesis (Ho) is accepted. In other words, the effect of dust on the performance of all 
PV technologies at ROTA, Perth is fairly uniform. In the case of the mc-Si modules, the 
difference in power output of modules A (11.19%) and B (8.33%) may possibly be attributed 
to their location close to a veterinary farm and some trees, as they are likely to be exposed to 
dust and soiling caused by horse feeding vehicle activities and bird droppings. 
Table 3 estimates the minimum power expected to be produced by the PV modules after 
around 20 years. This is based on the work of Vázquez and Rey-Stolle (2008) who suggest 
that the minimum output power of a PV module at a certain time period of employment can 
be determined by: (a) taking into account minimum power output guaranteed by the 
manufacturer (at least 90% of its initial nominal power for after the first 10–12 years and at 
least 80% after 20-25 years employment), (b) manufacturing tolerance in module power 
(5%), and (c) measurement uncertainty (3%). Based on the results in Table 3, there are 2 of 7 
PV modules (B and F) that produced less power than the predicted ones. This may be 
attributed to the adverse effect of dust besides some permanent degradation mentioned 
previously. Lorenzo et al. (2013) found that dust accumulation on a PV module surface can 
cause hot spot phenomena which rise the temperature of the shaded cell of more than 20 
degrees over the other cells in the same PV module, leading to some destructive effects that 
degrade PV module performance (Molenbroek et al., 1991). 
 




The transmission of light through glass samples containing dust collected from ROTA is 
shown in Fig. 5 for light wavelengths from 300 nm to 1100 nm. Note that all curves approach 
zero transmittance for the ultraviolet (UV) end of the spectrum due to the glass absorbing the 
UV. 
Fig. 5 shows that as the dust density increases the transmittance decreases. To explore this 
further the average of transmittance (across the wavelengths > 350 nm-1100 nm) of each 
glass sample was calculated and normalised to the clean sample average transmittance, and 
the results are shown in Fig. 6. For example, the increasing the dust densities from 0 mg/cm2 
to 0.04 mg/cm2 decreases the transmittance by 18.34%. 
Appels et al. (2013) investigated the effect of dust accumulation on the transmittance and 
power losses of PV modules and reported that by sprinkling 20 g/m2 of white sand onto a 
clean PV module’s surface the transmittance decreased by 4.03%, while the power output 
decreased by 4.5 to 5% for a 100 W PV module. Furthermore, for 60 g/m2, the transmittance 
was reduced by 15.03%, while the power output decreased by 13 to 15%. It may be predicted 
that the transmittance of light and power output of PV modules decrease progressively with 
the increase of deposited dust until a point is reached where photons cannot pass through dust 
particles. 
Fig. 5 shows that the spectral transmittance curves for different dust density samples are 
fairly uniform over the wavelength range of the PV modules. It can be postulated that the 
soiling at ROTA has an equal impact on the performance between the technology types. On 
the contrary, Qasem et al. (2012) in Kuwait found that the transmittance is affected more by 
dust at lower wavelengths. Therefore, wider band gap PV technologies such as a-Si and 
CdTe are more affected by dust deposition than c-Si and CIGS. This contributes to different 





Fig. 7 shows the SEM image of collected dust from ROTA sprinkled onto the surface of a 
stub type specimen storage. To determine the size distribution of dust particles, a SEM image 
(randomly sampled particles) was analysed and specified based on the diameter (Qasem et 
al., 2012). The results are shown in Table 4. 
The results of image processing analysis reveals that dust particles from ROTA were 
dominated by clay, very fine and fine silt particles. Appels et al. (2013) in their research 
concluded that finer dust deposition (2-10 µm) on the surface has a more significant effect in 
decreasing the solar intensity received by solar cells compared to coarser particles. This is 
because finer dust is distributed more uniformly on PV surfaces than coarser dust particles, 
thus minimizing the voids between the particles through which light can pass (Sarver et al., 
2013). Due to the dependence of the power output of a PV module is on solar intensity, it can 
be confirmed that the fine dust particle is the major factor in transmittance losses that caused 
the degradation of PV modules performance at ROTA. 
On the other hand, coarser dust particles play a more significant role in the accumulation 
process of dust on a module’s surface. Based on their research on dust-resembling silica 
particles, Said and Walwil (2014) concluded that coarser dust particles have higher adhesion 
force than finer ones. The coarser the dust particle, the wider the contact area between the 
dust particle and the glass cover of the PV module, as a result the cementation process of dust 
on the PV glass cover surface, as introduced by Cuddihy (1980), is easier. 
 
3.3.3. Chemical composition 
 
The most important reason to analyze the elements and compounds of dust is to trace the 
source of dust adhered on the PV modules’ surface (Lax et al., 1986; Elminir et al., 2006) that 
can provide useful information for dust mitigation policies and procedures.  
Elements analysis revealed that there are 6 main elements from the collected dust samples 
at ROTA. It is noted that the amount of carbon (C) in the results was ignored for reasons 
explained in section 2.2. The major elements of the dust samples are oxygen (O) and silicon 
(Si) which accounts for 34% and 29.14% by weight. In addition, calcium (Ca) and aluminium 
(Al) are other elements that contribute by 13.21% and 9.26%, respectively.  Some minor 
amounts of iron (Fe) and potassium (K) also were found in dust samples from ROTA which 
are 8.83% and 5.56% of total element weight.  
In addition to the elemental analysis, a mineralogical analysis was done using X-ray 
diffraction to investigate minerals built of elements above. According to the result as shown 
in Fig. 8, the dust particles were composed mostly of quartzite (SiO2) followed by calcium 
oxide (CaO) and smaller amounts of some minerals from alkali feldspars group namely 
orthoclase and microcline (KAlSi3O8).  
Quartz and feldspar are the most common minerals found in sandstone. Considering Perth 
is a desert land and dominated by acid and sandy soils (Waddel et al., 2002), the erosion from 
the sandstone in the land surrounding ROTA is likely to be the source of high portion of 
quartzite and some minors of feldspars. Quartz could be found in igneous, sedimentary and 
metamorphic rocks, meanwhile the feldspar is found in granite and pegmatite bodies. 
Meanwhile, the presence of calcium oxide, a substance generally from calcium carbonate or 
limestone, is attributed to cement works in the local environment. The cement works from a 
new hospital building being constructed near ROTA could be one source of the dust. The 
materials in which these minerals can be found have been lifted up to PV module surface by 
wind, and human, or animal activities surrounding the site (Elminir et al., 2006).  
 
4. Discussion on the value of cleaning solar modules 
 
According to the results in section 3.1 to 3.3, it is apparent that besides ageing factors, the 
decreasing energy yield by PV modules at ROTA is also as a consequence of dust deposition 
on their surface. A simple analysis was done in order to assess the effect of dust on power 
produced by a PV module and thus the value of cleaning of the module. From section 3.2 it 
can be seen that the most dust-affected module is the mc-Si module (labelled A, as shown in 
Table 3). The power output loss of that module due to dust was 12.18%, or 11.65 watts. 
Considering that Perth, Western Australia receives an annual average of 5.3 peak sun hours 
per day (Stapleton et al., 2013), then at least 60 Wh of electricity would be lost by the module 
every day. If this PV module was employed for a solar home system (SHS), the extra power 
from a cleaned panel could be used to supply basic lighting, such as a 5 watt compact 
fluorescent lamp (CFL) (Khan and Abas, 2011) equivalent to 300 lumen - the minimum 
requirement lighting for a reading activity (Practical Action, 2012), for about 12 hours.  
Based on explanation above, dust is an important factor that contributes to the reduction of 
power from solar PV modules and regular cleaning activities are recommended for small 
scale long term projects such as SHS. Nevertheless, one aspect that needs to be considered in 
cleaning activities is a study to investigate the best time to undertake the cleaning activities 
since dust deposition depends on environmental conditions such as rainfall, wind, relative 
humidity and temperature (Elminir et al., 2006; Mani and Pillai, 2010; Sarver et al., 2013). In 
addition further work is needed on designing SHS that are accessible for cleaning while being 
safe from vandalism as well as training villagers on conducting regular maintenance. For 
large arrays operating over long lifetimes, there may come a time when the cost of cleaning 
the panels is not worth the improvement in performance achieved due to the non-dust related 
factors that are the main cause of performance degradation that, unlike the dust cannot be 
simply washed away. Further research would involve a cost-benefit analysis of cleaning in 
the later years of large PV arrays. 
The study assessed the contribution of dust to performance degradation of PV modules 
that have been deployed for 18 years at ROTA, Perth. Due to the experiments performed in a 
short-term during summer season, it has a limitation to estimate the annual soiling effect as 
this requires a longer term study of repeated rain periods and soiling over the year. It would 
be a case for further research that could be done by deploying some identical PV module 
pairs and compare their performance at clean and dusty condition to get the model of dust 
over a year.  
 
5. Conclusion  
 
The contribution of dust to the long-term performance degradation of seven PV modules 
deployed at ROTA for almost 18 years without any cleaning procedure was investigated. The 
results depict lower values for both I-V and P-V curves of all PV modules in dusty conditions 
compared to clean conditions. This indicates a degradation caused by dust deposition on the 
surface of the PV modules that blocks solar irradiation received by solar cells. Degradation 
analysis shows that the performance degradation of PV modules quantified by power output 
losses is mostly due to non-dust related factors such as corrosion, discoloration and 
delamination which account about 71% to 84%, although the contribution of dust is still 
significant by 16% to 29%. Anova analysis shows that the dust has a fairly uniform impact on 
the performance degradation of all PV technologies at ROTA confirmed by its Fratio result 
(0.48) of difference of power output reduction ranged from 8% to 12% is less than Fcritical 
value (9.55). This is in line with the results of spectral transmittance curves for different dust 
density samples that essentially flat over the wavelength range of the PV modules. An 
investigation of the properties of dust revealed that dust particles deposited on PV modules’ 
surface at ROTA were dominated by fine particles built of large amounts of quartz (SiO2), 
followed by calcium oxide (CaO) and some minors of feldspars minerals (KAlSi3O8), which 
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Fig. 8. X-ray diffraction spectrum of minerals obtained from dust at ROTA (Q: quartz, C: 










Table 1.  
Climate condition of Perth over 22 years  
Month Hbar (MJ/m2/day) 
Hbar(tilt=lat) 
(MJ/m2/day) KTbar 











Jan 9.58 12.85 0.68 31.2 18.1 15.4 3.14 67 
Feb 10.33 12.31 0.62 31.7 18.4 8.8 3.22 65.8 
Mar 12.35 13.18 0.64 29.6 16.6 20.5 3.06 67.4 
Apr 15.48 15.08 0.62 25.9 13.8 36.5 2.86 66.9 
May 16.52 15.37 0.61 22.4 10.6 90.5 2.62 68.5 
June 16.99 15.28 0.59 19.3 8.5 127.9 2.48 73.9 
July 16.78 15.36 0.59 18.4 7.6 146.7 2.57 81.7 
Aug 16.09 15.12 0.58 19.1 8.3 122.8 2.4 82.4 
Sep 14.22 14.72 0.62 20.3 9.6 89.6 2.67 73.5 
Oct 11.52 13.32 0.62 23.3 11.4 39.5 2.73 65.9 
Nov 10.48 13.71 0.65 26.5 14.2 23.8 2.95 64.8 
Dec 9.1 12.81 0.66 29.1 16.4 9.9 3.08 64.4 
Annual 13.28 14.11   24.7 12.8 61 2.81 70.2 
Note:Hbar is the average (aver.) daily global solar radiation on a horizontal surface; Hbar 
(tilt=lat) is the average daily solar radiation on a surface tilted at the latitude angle and 
pointing towards the equator; KTbar is the monthly average daily clearness index; RH is 
relative humidity; Max.: maximum; Min.: minimum. Source: NASA (2015). 
 
Table 2 
Electrical output of PV modules 
Module Parameters Clean Dusty 
Relative  
difference (%) 
A (mc-Si) Pmax (W) 95.63 83.98 12.18 
 
Voc (V) 28.53 28.27 0.91 
 
Isc (A) 5.00 4.49 10.20 
 
FF (%) 67.04 66.16 1.31 
B (mc-Si) Pmax (W) 73.13 66.93 8.48 
 
Voc (V) 37.87 37.61 0.69 
 
Isc (A) 2.60 2.47 5.00 
 
FF (%) 74.27 72.05 3.00 
C (pc-Si) Pmax (W) 82.29 75.36 8.42 
 
Voc (V) 39.42 38.60 2.08 
 
Isc (A) 2.94 2.78 5.44 
 
FF (%) 71.00 70.23 1.09 
D (pc-Si) Pmax (W) 41.60 38.05 8.53 
 
Voc (V) 22.78 22.68 0.44 
 
Isc (A) 2.50 2.32 7.20 
 
FF (%) 73.05 72.31 1.00 
E (pc-Si) Pmax (W) 68.05 62.00 8.89 
  Voc (V) 13.16 12.80 2.74 
  Isc (A) 7.48 7.02 6.15 
  FF (%) 69.13 69.00 0.19 
F (a-Si) Pmax (W) 26.40 23.77 9.99 
 
Voc (V) 37.42 36.35 2.85 
 
Isc (A) 1.19 1.10 7.56 
 
FF (%) 59.39 59.26 0.22 
G (a-Si) Pmax (W) 19.30 17.54 9.12 
 
Voc (V) 60.50 59.21 2.13 
 
Isc (A) 0.53 0.48 9.43 























dust (%) I II III I & III II & III dust non-dust 
A (mc-Si) 129.60 95.63 83.98 26.21 12.18 95.54 11.65 33.97 45.62 25.54 74.46 
B (mc-Si) 105.00 73.13 66.93 30.35 8.48 77.41 6.20 31.87 38.07 16.29 83.71 
C (pc-Si) 103.50 82.29 75.36 20.49 8.42 76.30 6.93 21.21 28.14 24.63 75.37 
D (pc-Si) 51.53 41.60 38.05 19.27 8.53 37.99 3.55 9.93 13.48 26.34 73.66 
E (pc-Si) 83.50 68.05 62.00 18.50 8.89 61.56 6.05 15.45 21.5 28.14 71.86 
F (a-Si) 39.05 26.40 23.77 32.39 9.96 28.79 2.63 12.65 15.28 17.21 82.79 
G (a-Si) 25.25 19.30 17.54 23.56 9.12 18.61 1.76 5.95 7.71 22.83 77.17 
Note: I: initial condition, II: after cleaning condition, III: dusty condition. 
 
Table 4 
Grain size distribution of dust from ROTA 
Diameter 
(µm) 
Percentage of the 
total sample Grain type 
< 4 67.34% Clay 
4-8 22.24% Very fine silt 
8-16 7.25% Fine silt 
16-31 2.18% Medium silt 
31-63 0.78% Coarse silt 
63-125 0.21% Very fine grained 
 
 
